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Abstract 
We have successfully synthesized ZnO NRs and ZnO/CdS core-shell structures by a facile two step chemical routes viz. 
electrodeposition and chemical bath deposition. Plane ZnO nanorods films were deposited by using three electrode 
electrodeposition on FTO glass substrates. The ZnO/CdS core-shell structures were deposited by immersing plane ZnO nanorod 
films into a bath containing precursor solution of CdS in chemical bath deposition. Formation of ZnO NRs and ZnO/CdS core-
shell structures has been confirmed by UV-Visible absorption, Raman spectroscopy and scanning electron microscopy. The 
synthesized ZnO NRs and ZnO/CdS core-shell structures has been also characterized for photoelectrochemical (PEC) properties, 
Mott-Schottky analysis, electrochemical impedance spectroscopy (EIS) and efficiency measurements of PEC system. It has been 
found that the photocurrent conversion efficiency in water splitting is higher for ZnO/CdS core-shell photoanode than ZnO NRs 
photoanode. These results suggest that addition of CdS with ZnO NRs is beneficial in increasing the visible light absorption and to 
enhance the photocurrent conversion efficiency in water splitting. Thus, ZnO/CdS core-shell configuration can be a prospective 
candidate for efficient PEC splitting of water. 
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1. Introduction 
Zinc oxide (ZnO) is a group II-VI compound semiconductor material with a direct wide band gap of ? 3.37 eV 
and a large exciton binding energy of ? 60 meV at room temperature [1]. It is a promising material with broad 
applications in optoelectronics, transistors, UV sensors, biosensors, gas sensors, photo-catalyst etc. due to its excellent 
opto-electronic properties. One-dimensional (1D) nanostructures of ZnO such as  nanoparticles [2, 3], nanotubes [4], 
nanoflowers [5], nanowires [6], tetrapods [7], nanorods [8], doughnuts [9], nanodisks, nanoplates, nanospheres and 
hemispheres [10-15] nanosheets [16], etc. are ideal photo-catalysts because of their large surface-to-volume ratio. To 
sensitize ZnO, cadmium sulphide (CdS) is an excellent material due to its advantages for visible light harvesting, high 
abundance and low-cost production. Especially it has an appropriate band alignment with ZnO [17, 18]. The band 
alignment of ZnO with CdS results highly efficient separation of photo-generated charge carriers. However, ZnO/CdS 
have rarely been explored for the visible-light driven applications.[19,20] The core shell nano-composites have a lot 
of advantages over planar thin films semiconductor junction such as large surface area for photons to interact with 
material and to reduce electron hole recombination losses.  
The ZnO has higher carrier mobility and hence addition of CdS layer with ZnO as a visible active layer enhances 
the light absorption process. The synthesized hierarchical morphologies ZnO/CdS core-shell structure shows a 
prominent visible-light-driven performance under the light irradiation. The ability to form 1D nanostructures of ZnO 
with uniform CdS shell layers is a key step toward the realization of high-efficiency photoelectrochemical (PEC) 
cells.[20,21] Here, we report synthesis of ZnO nanorods (ZnO NRs) and ZnO/CdS core-shell by a facile two step 
chemical routes. The morphology, optical properties, and PEC performance of ZnO NRs and ZnO/CdS core-shell 
have been investigated in view of their use in water slitting. 
2. Experimental 
2.1. Synthesis of  ZnO NRs and ZnO/CdS core-shell 
 ZnO nanorods were synthesized on FTO glass substrate by simple, cost effective and environment friendly 
electrodeposition method. The FTO substrate, Pt foil and SCE were used as working, counter and reference electrodes 
respectively. The required electrodeposition parameters are such as deposition potential, time, temperature and 
molarities were optimized for well aligned, dense and uniform growth of ZnO nanorods. The aqueous solution of 
equimolar zinc nitrate [Zn(NO3)2.6H2O] and hexamethylenetetramine (HMT) (both AR grade, 99.99% pure ) 
precursors were kept at temperature ? 80 0C throughout experiment. A constant potential ? - 0.75 V was applied for 
4 hours to grow sufficiently high dense nanorods on the substrate surface.  
The CdS thin films were deposited independently on FTO glass substrate by using CBD method. For synthesis of 
CdS films specific molarities of cadmium sulphate (CdSO4), thiourea and ammonium hydroxide were kept constant 
to maintain pH of solution at 11. Then ZnO NRs films were dipped inside a solution at temperature 70 0C and finally 
CdS shell layer was grown with optimum thickness on ZnO nanorod films. The synthesized films were removed and 
dried under air flux. 
2.2. Characterization of  ZnO NRs and ZnO/CdS core-shell 
The surface morphology of the films was investigated using a JEOL JSM-6360A scanning electron microscope 
(SEM) with operating voltage 20 kV. The optical band gap of the films was deduced from absorption and was 
measured using a JASCO, V-670 UV-Visible spectrophotometer in the range of 200-800 nm. Raman spectra were 
recorded with Raman spectroscopy (Jobin Yvon Horibra LABRAM-HR) in the range 150-900 cm-1. The excitation 
source was 632.8 nm line of He-Ne laser. The power of the Raman laser was kept less than 5 mW to avoid laser 
induced crystallization on the films. 
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2.3. Photoelectrochemical (PEC) cell assembly 
The grown ZnO NRs and ZnO/CdS core-shell photoanodes were used as working electrode (WE) in PEC cell. 
Three electrodes were placed inside the cell; ZnO NRs and ZnO/CdS core-shell photoanodes as working electrode 
(WE), platinum foil counter electrode (CE), and saturated calomel reference electrode (SCE). 0.5 M Na2SO4 was used 
as an electrolyte. Potentiostat (Metrohm Autolab PGSTAT302N) and 150 W Xenon Arc Lamp (PEC-L01) with 
illumination intensity of 100 mW/cm2 (AM 1.5) were employed to record current-voltage (I-V) characteristics. 
Electrochemical impedance spectroscopy (EIS) measurements were carried out using same potentiostat (Model: FRA 
32M). The PEIS measurements were recorded in 0.5 M Na2SO4 electrolyte at 0.5 V and the frequency was kept in the 
range of 0.1 Hz to 100 KHz. The Mott-Schottky (MS) plot of Z-NRs samples (1/C2 vs. electrode potential) were 
recorded under darkness at a frequency of 500 Hz to obtain flat band potential (Vfb), donor density (Nd) and width of 
space charge layer (w) [22, 23]. AR grade reagents and double distilled water (specific conductance < 10-6 mho cm-1) 
was used throughout the experiment. 
3. Results and Discussion 
3.1. Raman spectroscopy analysis 
Formation of ZnO NRs and ZnO/CdS core-shell has been confirmed by Raman spectroscopy and is shown in Fig. 
1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Raman spectra of ZnO and ZnO/CdS core-shell 
The strongest evidence of Wurtzite ZnO structure formation comes from Raman spectroscopy analysis. Fig. 1 
shows a strong Raman peak centered ? 437 cm-1, which corresponds to the E2 high frequency mode of ZnO involving 
mainly Zn motion corresponding to the band characteristic of the Wurtzite phase [24-26]. The presence of hexagonal 
Wurtzite CdS is also confirmed by observing two Raman shoulders one centered ? 302 cm-1 and other weak peak 
centered ? 600 cm-1 cm-1 [19, 27]. For ZnO/CdS core-shell Raman spectra show three distant peaks, ~ 302 cm-1 and 
~ 600 cm-1, and  ~ 437   cm-1, corresponding to longitudinal optic (LO) vibrational nodes of ZnO and CdS confirming 
the formation of core-shell of ZnO/CdS. For ZnO/CdS  core-shell sample CdS has suppressed Raman scattering 
compared to ZnO which may be due to absorption of photons by the CdS coatings. 
3.2.  Scanning electron microscopy (SEM) analysis 
Figure 2 shows SEM micrographs of ZnO thin films and ZnO/CdS core-shell. The SEM micrographs for both films 
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show nice surface morphology with uniform, dense and highly crystalline hexagonal nanorods formation. Table 1 
gives summary of nanorod density, average diameter and growth length of ZnO nanorods and ZnO/CdS core-shell 
nanostructures. As seen from the table the density, average diameter and average length of ZnO NR and ZnO/CdS 
core-shell were found ~ 400x10-2 µm-2, 140 nm, 1600 nm and 300x10-2 µm-2, 250 nm, 1700 nm respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Scanning electron microscopy images of a) ZnO NRs and b) ZnO/CdS core-shell structure. 
Table 1. Growth density, average diameter and growth length of ZnO NRs and ZnO/CdS coreshell nanostructures. 
Estimated parameters of ZnO nanorods ZnO NRs ZnO/CdS Core-shell 
Nanorod density (10-2 µm-2) 400 300 
Average diameter  of nanorods (nm) 140 250 
Average Length of nanorods (nm) ~ 1600 ~ 1700 
 
3.3. UV-Visible spectroscopy analysis 
Fig. 3 shows the UV-Visible optical absorption spectra of ZnO and ZnO/CdS core-shell nanostructures used to 
calculate band gap of films. The extrapolations of the curves to the energy axis at zero absorption gives absorption 
edges which approximately corresponds to the band gap energies of ZnO and ZnO/CdS core-shell nanostructures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. UV-Visible absorption spectra of ZnO and ZnO/CdS core-shell nanostructure. Estimated band gap values are also shown in the figure. 
a) ZnO NRs b) ZnO/CdS core-shell  
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The estimated band gap values are 3.2 eV and 2.4 eV for ZnO and ZnO/CdS core-shell respectively. These 
measurements indicate the presence of both phases in the film, CdS and ZnO. These values of band gap are consistent 
with values reported in literature [28-30]. 
3.4. Photoelectrochemical activity analysis 
The Photoelectrochemical activity of ZnO NRs and ZnO/CdS core-shell photoelectrode was evaluated using linear 
sweep voltammetry (LSV) technique. The measurements were conducted with three-electrode cell at – 1.0 to 1.0 V 
vs. SCE in 0.5 M Na2SO4 electrolyte. The plots of photocurrent (I) versus applied bias (V) are presented in Fig. 4(a). 
A very small current of ~ 0.01 μA/cm2 was observed during measurement of current in dark because of non-faradic 
reaction. Upon illumination, direct photoexcitation of ZnO would occur, leading to the generation of electron-hole 
pairs. The photo-generated electrons would be driven to the Pt counter electrode (cathode) to generate H2 through the 
reduction of protons, while the photo-generated holes would react with water to generate O2. Thus the photocurrent 
density for ZnO/CdS core-shell photoanodes is higher than ZnO NRs photoanodes. It is interesting to note that the 
prepared ZnO NRs and ZnO/CdS core-shell photoelectrodes were found to be stable even after multiple scans and 
there was no physicochemical degradation observed which the stability of configured systems for water splitting 
reaction. 
In order to estimate the lifetime of photocarriers electrochemical impedance spectroscopy (EIS) was performed 
under illumination as shown in Fig. 4(b). Normally, smaller arc radius on the EIS Nyquist plot indicates an effective 
separation of photo-generated electron-hole pairs and a fast interfacial charge transfer process. The smaller diameter 
of ZnO/CdS core-shell photoanodes implies a likely prolonged lifetime of photo generated carriers compared with 
ZnO NRs photoanodes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Electrochemical activity of ZnO NRs and ZnO/CdS core-shell a) Change in photocurrent density as a function of applied bias potential b) 
Nyquist plots c) Mott-Schottky plots and d) photo conversion efficiency of PEC cell 
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Capacitance was derived from the electrochemical impedance at each potential with 500 Hz frequency in dark is 
shown in Fig 4(c) (Mott-Schottky).  As seen both ZnO NRs and ZnO/CdS core-shell samples exhibited positive slopes, 
indicating both ZnO NRs and ZnO/CdS core-shell photoelectrodes retain n-type behavior. Compared to ZnO NRs, 
ZnO/CdS core-shell photoelectrodes indicates much higher charge carrier density. The flat band potential, charge 
carrier density and the width of the space-charge layer are calculated, and summarized in Table 2. 
Table 2. Comparative efficiency parameters obtained for ZnO & ZnO/CdS core shell photo electrode 
Sample Charge carrier density Nd (cm-3)  Flat band potential  Vfb (Volt)  Width of space-charge layer  w (nm)  
ZnO NR 5x1017 -0.23 16 
ZnO/CdS core shell 2x1018 -0.32 28 
 
The PCE of all the fabricated samples was calculated using, 
Light
BiasPh
P
VJ
PEC
?? 23.1(   (1) 
Where Jph is the photocurrent density (mA cm-2), Plight is the incident light intensity (100 mW cm-2), and Vb is the 
applied bias potential. Here, VBias is the difference between the potential at the measuring point and the electrode open-
circuit potential under the same illumination intensity. As shown in Fig. 4(d), for ZnO NRs photoanodes maximum 
PCE is 0.12 % and for ZnO/CdS core-shell photoanodes it is 0.29 % at 0.5 V. All the results suggest that addition of 
CdS with ZnO NRs is beneficial in increasing the light absorption and leads to an improvement of the photocurrent 
conversion efficiency in water splitting. Thus, ZnO/CdS core-shell configuration can be a prospective candidate for 
efficient PEC splitting of water.  
4. Conclusions 
We have successfully synthesized ZnO NRs and ZnO/CdS core-shell structures by a facile two step chemical routes 
viz. electrodeposition and chemical bath deposition. Formation of ZnO NRs and ZnO/CdS core-shell structures has 
been confirmed by UV-Visible absorption, Raman spectroscopy and scanning electron microscopy. The obtained 
films are also characterized for photoelectrochemical (PEC) properties, Mott-Schottky analysis, electrochemical 
impedance spectroscopy (EIS) and efficiency measurements of PEC system. It has been observed that the photocurrent 
conversion efficiency in water splitting is higher for ZnO/CdS core-shell photoanode than ZnO NRs photoanode. 
These results suggest that addition of CdS with ZnO NRs is beneficial in increasing the light absorption and to enhance 
the photocurrent conversion efficiency in water splitting. Thus, ZnO/CdS core-shell configuration can be a prospective 
candidate for efficient PEC splitting of water. 
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